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ABSTRACT 
An experimental program was conducted to investigate the effect 
of stress relief heat treatment at 538 C (1000 F) and 621 C (1150 F) 
on the mechanical properties of a newly-developed carbon-manganese- 
niobium pressure vessel steel (ASTM A737 Grade B) in two conditions 
of heat treatment, (normalized and quenched and tempered) and at two 
levels of sulfur content (.023% and .006%). 
Little change in toughness occurred for stress relief treatment 
times of less than 30 hours at either temperature.  For longer times 
stress relief embrittlement was observed in all of these four types 
of A737 Gr. B steel, the extent being time and temperature dependent. 
The embrittlement was characterized by (1) non C-curve behavior, 
(2) no intergranular cleavage fracture, (3) no effect of cooling 
rate on the toughness, (4) no peak in toughness, and (5) no second- 
ary hardening.  From these observations the conclusion was made that 
neither classical temper embrittlement nor coherent carbide forma- 
tion is responsible for the embrittlement observed in A737 Gr. B 
steel. A good correlation between toughness and die carbide thick- 
ness was found. From all of these results, the embrittlement mech- 
anism was concluded to be carbide coarsening. 
All changes in mechanical properties could be expressed in 
terms of a modified Holloman parameter. The modified Hollonan 
parameter was proven to be capable of describing not only tensile 
properties but  toughness behavior, demonstrating that  the process 
involved is diffusion-controlled. 
Although the  toughness of low sulfur steel type was much better 
in as-received condition  than  that of normal sulfur  type steel,   the 
toughness difference between them became negligible  for very  large 
Hoi Ionian parameters  (long timjb or high temperature aging). 
Stress relief heat treatment giving a modified Holloman parame- 
ter  larger than 18000 should be avoided because deterioration in 
mechanical properties is  significant  for parameters over  that value. 
\'' 
INTRODUCTION 
Background 
In 1978 niobium-containing micro-alloy steels were adopted for 
pressure vessel use under a new ASTM specification, A737.  Since it 
is essential to know the characteristics of a newly developed materi- 
al prior  to its general application, a wide range of investigation 
has been done on these new materials by the Pressure Vessel Research 
Committee (PVRC) of the Welding Research Council, through the Pres- 
sure Vessel Steels Subcommittee of the Materials Division. 
The evaluation of the static and dynamic fracture toughness of 
this material was performed in line with the PVRC program and already 
1 
reported and the study of the aging behavior of this steel for pro— 
longed post-weld heat treatment (or stress relief heat treatment; 
SR heat treatment) was undertaken as an independent program by 
Lehigh University.  The latter is reported in this paper. 
Stress Relief Heat Treatment 
Stress relief heat treatment is mandatory in most pressure 
vessel design codes except for the simplest thin-walled pressure 
vessels.  There are many reasons for giving a weld a stress relief 
heat treatment.  They are: 
• to reduce the residual stresses in the welded vessel 
which may cause dimensional instability and/or brittle 
fracture, 
• to improve the toughness of the weld heat affected zone 
• to enhance the resistance to stress corrosion cracking. 
These are all beneficial aspects of stress relief heat treatment, 
but it should be noted that at the same time the stress relief heat 
treatment may lead to a degradation in the mechanical properties 
of pressure vessel steels and weld metals. This degradation may 
include a significant reduction of yield strength and ultimate ten- 
sile strength and an increase in Charpy Impact transition tempera- 
ture.  Such degradation sometimes may outweigh the beneficial 
aspects of stress relief heat treatment. Therefore, it is important 
to study the change in mechanical properties that occurs due to 
stress relief heat treatment. 
These changes in mechanical properties have been proven to be 
a function of the time and temperature of stress relief heat treat- 
ment and/or the cooling rate after stress relief heat treatment. 
In general, the ASME Boiler and Pressure Vessel Design Code specifies 
the temperature range and holding time for such heat treatment.  It 
may happen however, planned or unplanned, that this heat treatment 
is significantly prolonged compared to the specified minimum time. 
For example, as pressure vessel design requirements become more 
stringent, the necessary stress relief heat treatments become longer 
and may be repeatedly applied to components at several intermediate 
fabrication stages, or, repair welding after stress relief heat treat- 
ment may require that a further heat treatment be applied. As a 
result, a heat treatment ten times longer than the specified minimum 
is not unusual. It has been said that mechanical properties may 
undergo significant changes due to such a prolonged heat treatment. 
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This fact being taken into account, simulated prolonged stress 
relief heat treatments  were  carried out in this investigation. 
Another important factor that should be considered in this kind of 
experiment is the cooling rate. As the pressure vessel becomes 
larger and thicker a larger thermal inertia results and cooling 
rates after stress relief heat treatments tend to be much slower 
than the specified value.  In many cases it has been proven that the 
slower the cooling rate, the worse the mechanical properties pro- 
duced, particularly toughness. Therefore, the cooling rates approx- 
imately 1/3 of the specified maximum in ASME Sec. VIII Div. 1 were 
applied in this experiment because they are typical of some real 
fabrication processes. 
Mechanism of Embrittlement 
The main object of the present study was to investigate the 
degree of change in mechanical properties due to stress relief heat 
treatment, above all, toughness.  There are many forms of embrittle- 
ment which occur in steels among which temper embrittlement and 
stress relief embrittlement are important mechanisms when pressure 
vessels are subjected to stress relief heat treatment. As was 
2 
pointed out by Swift,  investigations rarely study more than one 
form of embrittlement at a time, and usually concentrate on the 
phenomenology rather than the mechanism. The embrittlement which 
was found in some phenomenological studies could be the integrated 
effect of, for instance, temper embrittlement and stress relief which 
are not discussed separately from each other.  It would be important 
f 
from the fabrication point of view, too, to make the mechanism of 
embrittlement clear so that suitable fabrication conditions nay be 
found and justified and undesirable fabrication methods may be 
avoided. 
In this section, a brief literature survey will be presented to 
introduce the mechanisms of embrittlement occurring in steels which 
undergo      practical stress relief heat treatments. 
Temper Embrittlement 
Characteristics of the classical temper embrittlement are sum- 
3 
marized as follows. 
1) Embrittlement can occur in alloy steels which are 
heated or cooled slowly through the range of about 
375 to 575°C. 
2) A typical temperature-time embrittlement diagram 
exhibits a set of C curves. 
3) Embrittlement occurs only in the presence of 
specific impurities such as antimony, phosphorus, 
tin and arsenic which decrease cohesion along prior 
austenitic grain boundaries. 
4) Embrittlement is reversible. Even severely 
embrittled steel can be de-embrittled in a matter 
of a few minutes when heated above the nose of the 
C curve. 
5) Plain carbon steels are not susceptible to temper 
embrittlement. Susceptibility is greatly enhanced 
by the presence of chromium, nickel and manganese. 
6) Temper embrittlement is characterized by a predominant 
intergranular fracture. 
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Banerjee has proposed the concept that both "500 F embrittle- 
ment" and temper embrittlement are due to precipitation locking of 
dislocation intersections and jogs along with high dislocation 
densities occurring during fine alloy carbide precipitation. This 
kind of embrittlement is different from the so-called classical 
temper embrittlement and may be categorized as stress relief em- 
brittlement. 
Stress Relief Embrittlement 
There Have been several mechanisms proposed to explain stress 
relief embrittlement. The characteristics common to the proposed 
mechanisms of this embrittlement, and distinctly different from that 
of temper embrittlement, would be: 
1) trace elements have no important role in stress relief 
embrittlement, 
2) brittle fractures resulting from stress relief embrittle- 
ment generally occur by transgranular cleavage. 
Suggested mechanisms of this embrittlement include carbide 
coarsening,  restricted dislocation motion due to the formation of 
coherent precipitates and dislocation locking by carbide precipi- 
tates.  The last mechanism was already mentioned in the section on 
temper embrittlement. 
Embrittlement due to Coherent Carbide Formation 
This type of embrittlement has- been observed by many investi- 
7 
gators.     It appears very often In alloy steels or veld netaIs 
containing strong carbide formers such as molybdenum and vanadium. 
In this type of embrittlement there is a temperature-time combina- 
tion which causes maximum degradation in toughness.  This is attrib- 
uted to the formation of carbides partially coherent with the ma- 
trix, such as molybdenum carbide and vanadium carbide, which cause 
microstrains in the matrix, making plastic deformation difficult 
and reducing matrix ductility. 
The characteristics of this mechanism are as follows: 
1) The time-temperature embrittlement diagram exhibits 
a so-called C curve behavior (like the classical 
temper embrittlement).  In other words, there exists 
a certain combination of temperature and time where 
the maximum degradation in toughness is attained and 
under or over which toughness degradation is smaller. 
2) In many cases toughness degradation is observed 
simultaneously with secondary hardening (precipitation 
hardening). 
3) Once the material has been stress-relief heat treated 
at a temperature above the embrittlement range, the 
material cannot be re-embrittled by the same mechanism 
because, once the carbide loses the coherency due to 
the growth (averaging), the carbide cannot restore its 
coherency by the same mechanism unless it is solution 
treated.  In this sense the embrittlement is not revers- 
ible. 
8 
2 5 4) According to Swift et al. *  this embrittlement is 
characterized by a decrease in the upper shelf 
energy as well as an upward shift in the Charpy 
V-notch impact transition temperature. 
Embrittlement due to Carbide Coarsening 
The mechanism of embrittlement due to carbide coarsening has 
been proposed by Rees et al.,  Cochrane,  Pense et al. and other 
13 14 investigators.  '   For example, Cochrane has shown that the 
changes in impact transition temperature caused by simulated stress 
relief heat treatment relate closely to the formation of grain 
boundary cementite particles and there is a significant correlation 
between carbide size and the change in transition temperature.  The 
theory supporting this mechanism has been established by Lindley ' 
17 18 
and other investigators  '  who have shown the following: 
1) cleavage microcracks in mild steel can be 
initiated by the cracked carbides at the 
grain boundaries, 
2) these microcracks lead to cleavage fracture of 
the steel, 
3) the probability of microcrack formation increases 
with increasing carbide thickness. 
Certain types of steel may undergo one type of embrittlement 
in one temperature range and another type of embrittlement in an- 
other temperature range or both types of embrittlement simultane- 
ously.  It would be useful from the viewpoint of practical fabri- 
cation, too, to separate the embrittlement due to one mechanists 
from that due to another mechanism or to evaluate the contribution 
of each mechanism to the total embrittlement. 
The material dealt in this experiment, A737 Gr. B, is a 
niobium-containing microalloy steel with a manganese content 
greater than 1%.  Therefore, there is a possibility for temper em- 
brittlement, embrittlement due to coherent carbides and embrittle- 
ment due to coarse carbide formation to occur in steels in the 
present study. High manganese content may cause classical temper 
embrittlement although the nickel and chromium contents are very 
small. A strong carbide former, Nb, may lead to embrittlement due 
to the formation of fine niobium carbonitride.  Needless to say, 
there does exist a possibility of embrittlement due to coarse 
cementite formation. 
The Parametric Approach 
As was mentioned before, stress relief heat treatment is a 
complex function of time and temperature. This process includes a 
heating, holding and cooling process, and may be repeated several 
times. A simple time-temperature diagram would lack in the ability 
to fully describe the change in mechanical properties, if the stress 
relief heat treatment given was very complex. A means of assessing 
the relative contribution of time and temperature to the process 
associated with stress relief heat treatment would be of great ad- 
vantage . 
19 
It is well known that the Hoi Ionian-Jaffe  parameter, 8 
10 
times called the Larson-Miller parameter, has proven to be quite 
useful for describing the behavior of hardness and tensile proper- 
ties   in   tempering heat  treatment   for  various temperatures and 
times.    This parameter  is defined as: 
P    « T  (20 + log t) Eqn.   1 
n 
where T is absolute temperature (K) and t is time of treatment in 
hours. It reduces two independent variables to a single parameter. 
In spite of its helpfulness in describing tensile properties, there 
has been some hesitation in applying this parameter to describe 
toughness behavior for the tempering of steels, particularly low 
alloy steels in which there is a possibility of secondary hardening 
occurring. Therefore, there have been very few approaches taken to 
describe toughness behavior in terms of this parameter. Among them 
20 21 
are approaches taken on 1\  Cr-1 Mo steel  and Mo-Ni steel  by 
22 12 Japanese workers and on C-Mn steel by Gulvin et al.  and Cochrane. 
It was also used on fracture toughness of weld heat affected zones 
23 by Saunders.   These investigations showed the feasibility of the 
parametric approach. Nevertheless, careful consideration must be 
made before taking the parametric approach since it may' not be rec- 
ommended in describing all types of embrittlement.  It is apparent 
that the approach may be allowed for purely diffusion controlled 
processes and thus may be applied not only to the carbide coarsening 
mechanism but also to the coherent carbide mechanism if the equation 
constant (20 in the Holloman-Jaffe equation) is suitably selected . 
It may depend on the kind of diffusing element associated with the 
embrittlement. \\ 
The suitability of the parametric approach may be shown even 
for embrittlenient due to the coherent carbide precipitation.  Figure 
8 1 is the rearrangement of the classical data of Puzak et al. who 
attributed the stress relief embrittlement of 1.5 Ni-0.6 Mo-0.26 V 
weld metal to the formation of coherent vanadium carbides, but did 
not take the parametric approach. Their experimental results showed 
that higher temperatures were equivalent to longer times, which is 
characteristic of diffusion-controlled processes. This suggests the 
suitability of the Holloman parameter, as is clearly demonstrated in 
Figure 1. Scatter of the data points is fairly limited and there is 
a clear maximum in transition temperature at around P ■ 18000. If H 
the constant 20 is adjusted to this case, the scatter may be decreased. 
The success of the parametric approach may be due to the fact that, 
in this case, only coherent vanadium carbide precipitation was respon- 
sible for the embrittlement and molybdenum carbide precipitation or 
other mechanisms such as temper embrittlement or carbide coarsening 
did not play a significant role. In the case where two or three dif- 
fusion-controlled embrittlement mechanisms are involved and the re- 
sultant toughness-Pu curve has two or three peaks or single broad n 
peak, mathematical technique can decompose the curve into two or 
three constituent curves. Figure 2 is also the arrangement of the 
data of Swift et al. who ascribed the stress relief embrittlement 
of 2% Cr-1 Mo weld metal to the formation of coherent molybdenum 
carbides- Here too, the suitability of this parameter can be seen. 
The parametric approach will be taken in the present study and 
12 
a modified Holloman parameter will be introduced to take account of 
the effect of heating and cooling processes. The modified Holloman 
24 parameter was first introduced by Eriksson.   Linear rise and fall 
of temperature was assumed in his calculation, but, since the heating 
and cooling curves were far from linear in the present experiment, 
the following calculation was done to obtain the modified Holloman 
parameter.  First, heating and cooling curves were divided into 
parts, each of which corresponds to a time increment of 10 minutes. 
Next, the average temperature was determined. Then, an equivalent 
time was calculated according to the following equation 
Th (20 + log Ateq) = Tmean (20 + log At)        Eqn. 2 
where T, is the temperature of stress relief heat treatment, At  is 
the equivalent time, T    is the mean temperature during each time 
increment and At is the time increment, 10 min. (1/6 hrs.). Then, 
At  was summed up to obtain the total equivalent time during the 
heating and cooling processes. The overall equivalent time for the 
entire stress relief heat treatment was obtained by summing up the 
three terms, equivalent heating, holding and equivalent cooling time. 
The modified Holloman parameter was calculated using this overall 
equivalent time. 
The biggest advantage of the modified Holloman parameter which 
allows time and temperature to be interchanged would be that it makes 
possible the plotting of experimental results for complex stress 
relief heat treatments in a one dimensional form, in which interpo- 
lation or short extrapolation for other heat treatment cycles may be 
13 
allowed and the cumulative nature of embrlttlement due to repeated 
stress relief heat treatment (Rosenstein)  would, be described by 
the single parameter. 
Review of Objectives of This Experiment 
The main object of the present study was to investigate the 
degree of change in mechanical properties, above all, toughness, of 
A737 Gr. B steel during stress relief treatment. Four variations of 
this material (two types of heat treatments, normalized and quenched 
and tempered, and two kinds of compositions, normal sulfur and low 
sulfur type) are included. The parametric method of data reduction 
was used.  In addition, the mechanism of the embrittlement was to be 
determined. 
14 
TEST MATERIALS 
The niobium-containing microalloy steels (ASTM A737 Grade B) of 
the present investigation were provided by Lukens Steel Company. 
Two types of A737 Grade B steel were studied in this program, two 
normal sulfur heats, 0.023% S and one low sulfur heat, 0.006X S. 
Both types were studied in the mill quenched and tempered (Q & T 
type) and the mill normalized (N type) conditions.  The chemical 
analyses are listed in Table 1. The plates were nominally 100 mm 
(4 inch) thick. The steels were produced by the electric furnace 
process. The low sulfur heat was calcium treated.  Cross-rolling 
was applied to minimize the anisotropy of the mechanical properties. 
The plates were austenitized at 900 C (1650 F) and either cooled in 
still air for normalizing or water sprayed and tempered at 595 C 
(1100 F) for quenching and tempering. 
As shown in Table 1, levels of both trace elements such as P, 
Sb, As and Sn and alloy elements such as Ni and Cr are quite low in 
all the heats.  This may suggest that classical temper embrittle- 
ment is unlikely to occur in these steels.  The difference in carbon 
equivalent between the normal S type and low S type suggests that 
low S steels have greater hardenability than normal S type. 
15 
TESTING PROCEDURE 
Stress Relief Heat Treatment 
12.7 ran (% inch) thick test blanks and  19.1 ran (3/4 inch) thick 
test blanks cut out of quarter thickness and 2/5 thickness positions, 
respectively, were stress relief heat treated in an electrically 
heated laboratory muffle furnace with an air circulating fan.    Heat 
treatments were carried out for 1, 30, 100, 300 and 1000 hours at 
both 538 C  (1000 F) and 621 C  (1150 F).     12.7 ran thick test blanks 
for Charpy specimens and  19.1 mm thick test blanks  for tensile speci- 
mens were  furnace-cooled and 19.1 mm thick test blanks for Charpy 
specimens were air-cooled after heat treatment.    Both heating and 
cooling curves were recorded.    The Charpy specimens were  furnace- 
cooled as well as air-cooled to study the significance of temper 
embrittlement in the steels. 
Tension Testing 
Standard 6.35 mm (0.25 inch) diameter button head tensile speci- 
mens in the transverse (T-L) orientations were machined from the 
furnace-cooled test blanks cut out of 2/5 thickness position. Test- 
ing was performed at room temperature in a 44.4 KN (10000 lb.) In- 
stron testing machine at a constant crosshead speed of 5 ran/min. 
o 
(0.2 in./min.) in accordance with ASTM standards A370 and E8. Ulti- 
mate tensile strength, upper yield strength and percent elongation in 
25.4 mm (1 inch) were determined for each specimen. For each condition 
of stress relief heat treatment, two tensile specimens were tested. 
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Charpy V-notch Impact Testing 
Conventional Charpy V-notch specimens (ASTM A370 type A) with 
a T-L orientation were machined from the furnace-cooled and air- 
cooled test blanks.  Sufficient Impact specimens to obtain full 
Charpy transition curves were tested over a range of temperature 
with a 325 J (240 ft-lb) Satec impact testing machine model SI-1. 
Testing was carried out in accordance with ASTM standards A370 and 
E23. Absorbed energy, lateral expansion and percent fibrous frac- 
ture were determined for each specimen. As criteria of impact tough- 
ness, the 50% fibrous fracture appearance transition temperature 
(FATT), the 54.2 Joule (40 ft-lb), 20.3 Joule (15 ft-lb) energy 
transition temperatures (TAp,0, T.Fl«-» respectively) and the 0.381mm 
(15 mils )j 1.016 mm (40 mils) lateral expansion transition tempera- 
tures (TTJ7,c» TTvA0' resPect*-vely) were determined using the computer 
program CHARPY (Charpy impact data analysis program which is on file 
at the Lehigh University Computing Center). 
Hardness Testing 
Diamond pyramid hardness testing (Vickers hardness testing) was 
carried out on both furnace-cooled specimens and air-cooled specimens. 
A 10kg load was applied. The average of 10 measured hardnesses was 
determined. 
Fracture Surface Observation 
Fracture surfaces of broken Charpy impact specimens were ob- 
served with an ETEC scanning electron microscope.  In order to study 
the effect of stress relief heat treatment on the frequency of lnter- 
17 
granular fracture, specimens of different stress relief heat treat- 
ments were observed. 
Metallographic Examination 
For general information purposes, a metallographic examination 
was conducted on the specimens before and after stress relief heat 
treatment.  Specimens were mounted in bakelite for polishing. Final 
polishing was accomplished with Linde B alumina polishing wheels. 
Die specimens were etched with 2% nital for about 20 seconds. Photog- 
raphy was performed on a Zeiss Axiomat metallograph. 
Microstructural Observation with SEM 
Microstruetural observation at higher magnification than with 
optical microscope was performed with an EXEC scanning electron 
microscope. The change of general morphology due to various stages 
of stress relief heat treatment was observed and X-ray microanalysis 
was carried out to analyze the composition of various types of pre- 
cipitates. Furthermore, the thickness of cementite (mainly grain 
boundary cementite) was measured. For that purpose, specimens which 
underwent different stress relief heat treatments were studied. 
Microstructural Observation with TEM 
Thin foil transmission electron microscopy was also used to ob- 
serve the change in microstrueture due to stress relief heat treat- 
ment. To prepare thin foils for TEM observation the following pro- 
cedure was used. First, a rod with 3 mm diameter and 12 mm length 
was spark-machined out using electrical discharge machining. Next, 
0.25 mm disks were sliced off the rod with a diamond cut-off wheel. 
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Then, the thickness was reduced to 0.75 mn by hand polishing. 
Finally, specimens were jet-polished with either 2% perchloric acid 
+ 987. methanol solution (-60 C, 100 volt) or 10% perchloric acid 
+ 90% acetic acid (+14 C, 100 volt) and perforated. A Philips EM300 
transmission electron microscope was operated at 100 kv to observe 
the change of microstructure, especially of carbide morphology. 
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TEST RESULTS 
Stress Relief Heat Treatment 
Typical heating and cooling curves for the stress relief treat- 
ment are shown in Figures 3 and 4. Measured heating and cooling rates 
are listed in Table 2, which shows that the cooling rate for furnace- 
cooling given in this experiment was much less than the one specified 
in most pressure vessel design codes, for example, ASME Sec. VIII 
Div. 1 UCS56 (69.5 C/hr. for 100 mm thick plate) and similar to the 
cooling rate in real fabrication. These cooling and heating curves 
were used to calculate the modified Hoi1oman parameters which are 
listed in Table 3. Contribution of heating and cooling periods to 
the modified Holloman parameter is significant for shorter holding 
times, but not for longer holding times. 
Charpy Impact Test Results 
The results of the impact tests for the four material variations 
are contained in Tables 4-7. It is very clear that the transition 
temperatures increase with increasing holding time, no peak in tough- 
ness is observed with respect to time, and the 621 C heat treatment 
always gives worse toughness than the 538 C heat treatment. Consider- 
ing these, it is apparent that these materials do not exhibit a so- 
called C curve behavior, which suggests little possibility of classi- 
cal temper embrittlement occurring in these steels. The classical 
temper embrittlement would be more likely to occur at 538 C than at 
621 C. 
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Next, the modified Holloman parameter is introduced in Figures 
5-8, where transition temperatures are shown plotted against P_. 
There was a clearly discernable upward trend observed in the Charpy 
transition temperatures with increasing parameter for all four mate- 
rials investigated in this experiment. In any type of steel, the 
greatest changes in fracture appearance transition temperature (FATT) 
were observed at the maximum Holloman parameter given in this experi- 
ment:  they were 40 deg C for normal S, N type, 25 deg C for normals, 
Q & T type, 55 deg C for low S, N type and 45 deg C for low S, Q & T 
type. 
A monotonic increase in transition temperature was observed over 
the whole range of P in normal S steels. As for low S steels, a H 
gradual increase in transition temperature for P < 20000 was followed' 
ti 
by an abrupt increase in transition temperature for P„ > 20000. This 
a 
sharp decline in toughness for over some P value had been reported by 
H 
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Japanese workers.   As was cited before, both the studies of Puzaket 
al. and Swift et al. had shown a distinct peak due to vanadium car- 
bide precipitation at P„ « 18000 (Puzak et al.) and a peak due to 
ti 
molybdenum carbide precipitation at P « 16500 (Swift et al.). No H 
peak was observed for the entire range of P    given in this experiment, 
n 
Therefore, die embrittlement mechanism is presumed to be different 
from that due to fine carbide precipitates such as niobium carbide Ja 
13 
case of these steels. According to Boyd,  significant precipitation 
of niobium carbonitride did not take place during the tempering pro- 
cess in a steel with 0.07X Nb austenitized at 950 C, resulting in no 
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secondary hardening. This was probably because the austenitlzlng 
temperature was not high enough for complete disolution of existing 
niobium carbonitrides. 
The parametric approach taken here for niobium microalloy steels 
appears quite capable of describing toughness behavior for stress 
relief heat treatments. Data points representing one temperature 
seem to fit well with data points for another temperature. 
Figures 9-21 compare the toughness of air-cooled (AC) specimens 
with that for furnace-cooled (FC) specimens. The data plotted in the 
figures are not transition temperature, itself, but the change in 
transition temperature due to treatment. This manipulation was done 
because air cooled specimens (2/5 t) and furnace cooled specimens 
(% t) were taken from different positions. As seen in Table 6 and 
Figure 7, as-received normal S, N type exhibits a significant differ- 
ence in transition temperature between the % t position and 2/5 t 
position. Transition temperatures at 2/5 t are much higher than at 
\  t. This difference is due to the segregation of elements near the 
center of the ingot. This will be discussed later. No significant 
difference in toughness degradation could be seen between air cooled 
and furnace cooled specimens.  (Although the change in FATT of normal 
S, N type may suggest the inferiority of furnace cooled specimens to 
air cooled specimens, the change in T. ,_ is almost the same.) This 
fact may rule out the possibility of classical temper embrittlement 
occurring in these steels. 
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Figures 13 and 14 compare the toughness of normal S type and 
low S type steels.  It will be seen that low S type is much better 
in the as-received condition than the normal S type. The differ- 
ence in toughness between normal S type and low S type becomes 
smaller and there seems no advantage of low S type for a very large 
value of P .  It is not unusual that initially tougher material 
H 
reduces to the same toughness level as another material with ini- 
tially much less toughness if the degradation due to the treatment 
outweighs the original toughness difference. 
A comparison between Figures 13 and 14 shows that the Q & T 
type has much better toughness than the N type in case of normal S, 
but there is no significant difference between them in case of low 
S levels. The reason is not clear because it is natural to assume 
that the Q & T type has much better toughness than the N type in 
the case of low S type which has greater hardenability than the 
normal S type. 
It should be noted, furthermore, that T. , 0 of the low S steel 
is much lower than its FATT and the difference between two criteria 
for the low S steel is much greater than for the normal S steel. 
This has been thought of as an advantage of low S steel when the 
fracture criterion is based on energy absorbed. From another point 
of view, FATT criterion is more conservative than an energy crite- 
rion for low S type steel. 
Tension Test Results 
The results of the tension tests for the four material vari- 
ations are shown in Tables 8-11. All the results are for furnace 
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cooled specimens. These results are sunmarized in Figures 15-18, 
where the modified Holloman parameter was again used. As seen, 
both tensile strengths and yield points of all the steels, except 
the yield point of normal S, Q & T type, decrease monotonically 
with increasing modified Holloman parameter. There seems to be a 
peak in yield point at around P ■ 17500 in normal S, Q & T type. 
ti 
This peak may be attributed to the precipitation of fine niobium 
carbonitride, but it was not distinctly observed in tensile strength 
of this steel. In addition, the same heat treatment (Q & T) for the 
low S steel did not exhibit this kind of peak in either tensile 
strength or yield strength. 
Nonetheless, the tendency is seen that the Q & T type has more 
resistance to softening than the N type. A linear decrease in 
tensile properties was observed in N type, while tensile strength 
of Q & T type .both of low S and normal S decreased slightly or 
remained constant up to P = 18000, over which a sharp decline was 
n 
observed. This behavior is similar to .that observed in Mo-Ni 
21 
steel by Japanese workers.   Apparently, the difference between N 
type and Q & T type is presumed to have been caused by niobium car- 
bonitride precipitation, although its contribution is very small, 
having no effect on Charpy impact properties. Maximum decreases in 
tensile strength for the maximum modified Holloman parameter were 
45 MPa (6.5 ksi) for normal S, N type, 40 MPa (6.0 ksi) for normal 
S, Q & T type, 90 MPa (13.0 ksi) for low S, N type, 70 MPa (9.0 ksi) 
for low S, Q & T type. The low S steel with an originally greater 
strength (higher carbon equivalent) decreased more than high S type. 
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Hardness Testing Results 
As stated in an earlier section, a significant difference in 
transition temperature was observed between furnace cooled speci- 
mens (% t) and air cooled specimens (2/5 t) in low S, N type. 
This difference does not seem to have occurred due to the difference 
in cooling rates because it was observed in the as-received speci- 
mens, too. Hardness testing was carried out to pursue the origin 
of this difference.  These results are shown in Table 12 and Fig- 
ures 19-22. Normal S, N type exhibited no difference in hardness 
between furnace cooled specimens (% t) and air cooled specimens 
(2/5 t). As for Normal S, Q & T type, % t hardness was always 
greater than 2/5 t hardness, which is quite understandable consider- 
ing the difference in cabling rate from the austenitizing tempera- 
ture between the \  t and 2/5 t position.  To the contrary, 2/5 t 
hardness was always greater than \  t hardness in case of normal S, 
N type of steel. The difference in cooling rate cannot explain this 
difference in hardness since it would lead to the opposite result. 
Hence, the hardness difference is thought to have originated from 
segregation near the center of the ingot. And this would also ex- 
plain the significant difference in transition temperature between 
% t and 2/5 t positions of this steel. 
Another notable thing is that, as far as hardness plotted 
against the modified Holloman parameter is concerned, there is no 
difference in hardness between furnace cooled and air cooled speci- 
mens for a given parameter value. 
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Fracture Surface Observation 
An attempt was made to evaluate the intergranular fracture 
percentage as a function of stress relief temperature and tine. 
If classical temper embrittlement had an important role in the em- 
brittlenient of these steels, this percentage would change with 
temperature and time. The brittle area of Charpy specimens with 
around 50% brittle fracture was observed with an ETEC scanning 
electron microscope. The result was that no intergranular fracture 
was observed regardless of type of mill heat treatment, sulfur con- 
tent, and stress relief temperature or time.  The fracture pattern 
observed was only transgranular cleavage or quasi-cleavage, some- 
times with dimples.  In conclusion, the classical temper embrittle- 
ment as a mechanism of the embrittlement of these steels is ruled 
out. 
Pictures of typical fracture surfaces are shown in Figures 23- 
26.  It is obvious that the fracture facets of the normal S, N type 
steel are the largest of all, this undoubtedly being the reason for 
the lower toughness of this steel. Furthermore, it is seen that the 
fracture pattern of low S steel tends to be quasi-cleavage while 
that of normal S type is cleavage. 
Metallographic Examination 
Shown in Figures 27-30 are the pictures of microstructures ob- 
served with an optical microscope before and after stress relief 
heat treatment. As-received samples of the normalized type exhib- 
ited a typical ferrite-pearlite structure, and those of the Q & T 
type exhibited an upper bainitic structure with acicular ferrite. 
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Both compositions are insufficient to form lower temperature trans- 
formation microstruetures for 100 mm thick plates. Ferrite grain 
size of normal S, N type was the greatest of all and this may have 
resulted in the worst toughness and the large fracture facets in 
this steel. The reason for the grain size difference between low S 
and normal S types is not clear since both steels were austenitized 
at the same temperature and have same Al content. Stress relief 
heat treatment caused the sperhoidization of the pearlite cementite 
within the original pearlite regions and the coarsening of carbide 
precipitates at grain boundaries. In the Figures 27-30, pictures of 
621 C, 1000 hr. stress relief treatments are compared with as- 
received ones.  The optical microscope did not provide enough resor 
lution for quantitative analyses of the carbide thickness. 
Observation of Microstrueture and Carbide Morphology by SKM 
o 
A scanning electron microscope was used to study the change in 
general morphology of the microstrueture and to measure the change 
in the carbide thickness due to stress relief heat treatment.  The 
same specimens as in optical microscope observations were used for 
this purpose.  This study was performed only on normal S specimens. 
Figures 31 and 32 compare the structure of as-normalized specimen 
with that of the specimen stress relieved at 621 C for 1000 hrs. 
As-normalized specimen was characterized by the very clear pearlite 
colonies and very few and tiny (if any) carbide precipitates on die 
grain boundaries. Needless to say, there was no spheroidized car- 
bide inside the pearlitic region but all the pearlitic cementite 
exhibited a lamellar structure without evidence of decomposition. 
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Long term stress relief heat treatment changed  the morphology 
completely.    Changes occurred most vividly inside  die pearlitic 
region and on grain boundaries.    The pearlitic cementite decomposed 
to form isolated carbides which spherodized with increasing Holloman 
parameter.     In other words,   thickness/length ratio of these carbides 
increased with increasing the parameter.    Grain-boundary carbide 
precipitates increased in number and size with increasing the Hollo- 
man parameter.     (Note:    A simultaneous increase in the number and 
size is possible as far as grain-boundary carbides are concerned be- 
cause the grains themselves are the source of the carbon.)    Grain- 
boundary carbides were seen on the pearlite-pearlite boundaries, 
ferrite-pearlite boundaries,  ferrite-ferrite boundaries and at 
triple points. 
Figure 33 shows the pictures of the Q & T type steel.    Due to 
the low hardenability for a thick (100 mm) plate,  the as-quenched 
structure may be presumed to have had a ferrite-pearlite structure 
similar to that of the normalized condition.    Although the micro- 
structure of the as-received Q & T type steel was quite different 
from that of as-received N type steel,  it was not surprising.    The 
lamellar structure in the pearlite colonies, although it might 
originally have been less distinct than the N type, was presumed to 
have decomposed into isolated carbides during mill-tempering process. 
Therefore,  the structure of as Q & T specimen was quite similar to 
that of N type specimen stress-relieved with a small Holloman pa- 
rameter.    The other characteristic of the Q & T type was  that it 
had a smaller grain size than N type and this appeared to affect 
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the size of grain-boundary carbide, which will be discussed later. 
Next, X-ray microanalysis was carried out on all types of pre- 
cipitates, those on grain boundaries, those inside pearlite matrix, 
and those in the ferrite matrix as long as they were visible with a 
magnification of 20000X. First, analysis was done on the specimen 
which underwent the stress relief heat treatment representing die 
greatest Holloman parameter, and was presumed to have the coarsest 
precipitates. But all the visible precipitates proved to be cemen- 
tite with some Mn and Cr. No niobium peak in the X-ray spectrum was 
observed for any type of visible precipitate.  (The size of niobium 
carbonitride in the stress-relieved steel is thought to be on the 
order of 100A (Boyd ).) Therefore, it was concluded that all the 
carbides larger than 0.1 micron were cementites. 
Next, a procedure was taken to measure the carbide size as a 
function of the Holloman parameter. As a measure of the size, car- 
bide thickness was used since it had been regarded most influential 
on microcracking precipitated by cracked carbides. Three kinds of 
carbides, grain-boundary carbide, triple-point carbide and intra- 
granular carbide, were measured since carbides of all these types 
would have a possibility of causing microcracking. The definition 
of carbide thicknesses is shown in Figure 34.   A search was done 
over the specimen surface to find as big particles as possible since 
the microcracking had been proven to Initiate at the larger carbides. 
Pictures of 4 to 6 areas which contained large cementite particles 
were taken and a mean thickness of the 10 biggest carbides was 
calculated. The result is shown in Table 13 together with the 
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Hoi1oman parameter, FATT and T.-.Q. Figures 35 and 36 show typical 
pictures of spheroidized carbides for several different P„ values. 
Each of these is one of the pictures used to measure the average 
carbide thickness. 
An interesting feature observed during this study was that the 
large cementite particles were not dispersed evenly over the whole 
surface area but were concentrated on grain boundaries of selected 
areas which were very often fine grained. The formation of large 
carbides seemed most prominent at the intersections of three grains, 
referred to as the triple points. Larger carbides also appeared to 
form easily on the boundaries between two pearlite grains, a pearl- 
ite grain and a ferrite grain, and two ferrite grains.  Large intra- 
granular carbides were seldom observed. Although large carbides 
seemed abundant near small pearlite grains, this would not necessar- 
ily reflect the real feature. This could simply mean that seemingly 
small grains represent a small cross-section with respect to the 
polished surface and that could simply mean that the cutting plane 
of the particular grain was very close to its grain boundary. It is 
expected that large carbides are abundant there. This might be the 
disadvantage of using two dimensional specimens for such an analysis. 
In that sense, TEM studies using thin foils (three dimensional speci- 
mens in a sense) would facilitate the accurate measurement of carbide 
thickness. 
Figure 37 shows the carbide thickness against the modified 
Holloman parameter. It is obvious that increasing the parameter 
results in increasing carbide thickness.  (Although not shown in 
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the figure, it should be mentioned that coarse carbides on grain 
boundaries and at the triple points increased in number as well as 
with increasing the parameter.) 
In addition, it should be noted that the grain boundary carbide 
thickness for the given Holloman parameter was smaller in Q & T 
specimens than in N type specimens.  The reason is presumed to be 
that the finer grained (Q & T type) has a larger grain boundary area 
than the coarser grained (N type). In any case, no carbide exceeded 
1.5 micron in thickness.  It is interesting to compare this result 
12 
with the report of Cochrane.   The materials appearing in his report 
are Nb-free (plain carbon manganese steel) and not Al-treated (Si- 
killed), resulting in very coarse grain size. As a result, coarse 
carbides as large as 3 microns were produced after stress relief 
heat treatment.  It seems that the finer the grain size, the less 
coarse the spheroidized cementite becomes for a given Holloman 
parameter. 
Observation of microstrueture by TEM 
Figures 38 and 39 compare the morphology of carbides observed 
with a transmission electron microscope before and after stress 
relief heat treatment.  The thin foil technique was applied for this 
study. Here, again, typical pearlite colonies (Figure 38a), decom- 
posed pearlitic cementite, and coarse grain-boundary cementites 
(Figures 38b and 39) were observed. With the thin foil technique, 
intragranular cementites which were not clearly resolved with SEM 
were revealed separately. This is an advantage of this technique. 
In addition, this technique would make possible a more accurate 
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measurement of carbide thickness compared to the SEM technique. 
Nevertheless, the thin foil technique was not used in this experi- 
ment to measure die thickness of as large carbides as possible, 
because a large number of thin foils would be necessary for that 
purpose so as to make sure the largest carbides were being observed. 
For instance, the thickness of the carbide shown in Figure 38b is 
0.55 microns which is much smaller than the one listed in Table 9 
(1.08 micron). 
There are very fine particles observed in Figures 38b and 39. 
Judging from their size, they might be niobium carbonitride. But 
this identification is not certain since a diffraction pattern was 
not obtained. 
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DISCUSSION 
Mechanism of Embrlttlement 
In this section, the possibility of each of three possible em- 
brlttlement mechanisms will be briefly reviewed. 
Temper Embrlttlement: 
Classical temper embrlttlement as an embrittlemetrt mechanism 
for these steels may be ruled out. The reasons are: 
1) The embrlttlement diagram did not show C curve behavior, 
but rather the higher the stress relief temperature or 
the longer the stress relief time, the greater the 
embrlttlement. 
2) The toughness decreased progressively with increasing 
modified Hoi Ionian parameter. 
3) Cooling rate after stress relief heat treatment did 
not influence the toughness at all. Furnace cooled 
specimens exhibited as low a transition temperature 
as air cooled specimens. 
4) Regardless of the time and temperature of stress relief 
heat treatment, brittle fracture was found to occur by 
transgranular cleavage. No Intergranular fracture was 
observed. 
5) These steels contained a minimal amount of trace elements 
such as P, As, Sb and Sn or alloy elements such as Ni 
and Cr. 
All of these features are inconsistent with the characteristics of 
the classical temper embrlttlement. 
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Embrittlement Due to Fine Carbide Precipitation: 
The mechanism of coherent niobium carbonitride precipitation 
does not seem to be responsible for the embrittlement observed in 
these steels, either. 
It is well known that a niobium-containing steel undergoes 
secondary hardening due to the precipitation of coherent niobium 
carbonitride during the tempering process if niobium is solutionized 
during the austenitizing process.  For instance, in the paper of 
25 
Butcher,  secondary hardening due to fine niobium carbonitride 
precipitates was reported to have been recognized.  (Note: Although 
his material was as-rolled, the cooling rate after the rolling 
process was assumed fast enough to suppress any significant precipi- 
tation of niobium carbonitride.) The rearrangement of his data in 
terms of the Holloman parameter showed that die peak of the secondary 
hardening appeared at around P = 18000 and the maximum degradation 
ri 
in toughness was observed at about the same P„ value.  This secondary 
H 
hardening was more pronounced in yield strength (increased by 160 MPa) 
/ 
than in tensile strength (increased by 40 MPa). 
The P value of 18000 was included in the present experiment. 
Nevertheless, secondary hardening was not detected except for the 
yield strength of normal S, Q & T type which appeared at Hp« 17500, 
very close to 18000.  So, as far as normal S, Q & T type is con- 
cerned, the present experiment showed two common aspects with 
Butcher's experimental results—peak position in terms of the Hollo- 
man parameter and increase in yield strength » that in tensile 
strength.  In this sense, the possibility of the secondary hardening 
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should not be excluded completely in case of this type of steel. 
But more important facts are that the maximum increase in yield 
strength of this steel (30 MPa) was very small compared to that in 
his experiment (160 MPa), and that secondary hardening was not 
observed at all in tensile strength of this steel, furthermore, 
secondary hardening was not recognized either in yield strength or 
in tensile strength for any of the other three types of steels. 
The most important result is the fact that there was no peak in 
transition temperature observed in any type of the steels studied 
in this experiment, but rather the toughness decreased progressively 
with increasing the Holloman parameter.  This monotonous decrease in 
toughness could not be explained without assuming that the Holloman 
parameter given in this experiment was far below the peak point for 
the maximum coherent lattice strain.  But, according to other ex- 
13 periments,   averaging already takes place at P » 19000.  Since the 
H 
present stress relief heat treatment covered the range of P values 
n 
from 16200 to 20600, it would be impossible to assume that the peak 
position for the maximum coherent lattice strain would occur for a 
P value larger than the maximum P given in this experiment. 
H n 
There are two important factors that control secondary harden- 
ing in niobium-containing low carbon steels.  One is the solutioni- 
zing temperature or austenitizing temperature and the other is the 
86 
cooling rate from austenitizing. According to Imai et al.  and 
13 
Boyd,  an austenitizing temperature higher than 1050 C is necessary 
to produce the pronounced precipitation hardening effect of niobium 
carbonitride, considering the solubility of niobium in the austenite 
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phase.  Strengthening of niobium-containing steel solutionized at 
the temperature below 1050 C is due to the suppression of grain 
coarsening by niobium.  On the other hand, the austenitizing temper- 
ature in the present experiment was 900 C, from which it is impos- 
sible to expect complete solutionizing of niobium. 
Secondly, it has been said that a slow cooling rate following 
the austenitizing treatment will result in significant precipitation 
of Nb (C,N), consequently, there may not be enough niobium in solu- 
tion even if the austenitizing temperature was high enough to solu- 
tionize the niobium carbonitride present.  Considering the thickness 
of the steels in the present study (100 mm), the cooling rate at % t 
is not high enough during quenching, not to mention normalizing, to 
suppress niobium carbonitride precipitation during cooling.  These 
two manufacturing conditions would therefore have resulted in very 
little niobium in solution prior to tempering or stress relief heat 
treatment for these steels. This could be the reason why pronounced 
secondary hardening was not observed in these steels. Hence, fine 
niobium carbonitride precipitation coherent with the matrix is not 
assumed responsible for the toughness degradation observed in A737 
Gr. B steels, although there might be slight contribution from this 
effect. 
Embrittlement due to Carbide Coarsening: 
As was already mentioned in the "introduction," coarse car- 
bides (mainly on grain boundaries) may cause microcracks which may 
lead to cleavage fracture, and these microcracks occur more easily 
s. 
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12 
with increasing carbide thicknes Cochrane  found a remarkable 
correlation between the carbide thickness and the increase in tran- 
sition temperature due to the stress relief heat treatment of C-tto- 
Si steel, that is, a steel with no strong carbide former. 
It is instructive to construct the same type of graph for the 
niobium-containing steel in the present study. Figure 40 shows FATT 
and TA_,,n as a function of carbide thickness.  This graph was made 
from the data of Table 13. Here too, the correlation between tran- 
sition temperature and carbide thickness is outstanding for both 
Q & T types and N type--the larger the carbide thickness, the higher 
the transition temperature. 
Considering all the facts mentioned so far, the most signifi- 
cant mechanism for SR embrittlement of A737 Gr. B steel is consid- 
ered to be a carbide coarsening mechanism.   It would be worthwhile 
from the practical point of view to mention the effect of grain 
size on the toughness degradation. As mentioned before, the finer 
the grain size, the thinner the cementite for a given parameter. 
Therefore, a smaller grain size would seem to be more favorable 
than larger grain size.  But this is not necessarily true.  Figure 
41 shows A FATT versus carbide thickness of the present experiment 
12 together with the data of Cochrane.   It is apparent that, for a 
given carbide thickness, the coarser grained steel (Cochrane) has a 
smaller A FATT than the fine grained.  The assumption that, since 
the coarser grain size results in coarser carbides, the coarser 
grained steels will result in a greater increase in the transition 
temperature, is apparently wrong because A FATT vs. the Holloman 
parameter (Figure 42) does not show a significant difference 
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between coarser grained and finer grained steels.  The reasons for 
this are not clear. A fracture mechanics analysis of microcrack 
formation and its arrest inside the ferrite grains due to obstacles 
such as twins, small angle grain boundaries and lattice strains due 
to niobium carbonitride, may be helpful.  Therefore, the attempt to 
obtain finer grain structure may not be enough to minimize this type 
of embrittlement, although it may produce finer cementites. 
Parametric Approach 
In this study, it was found that the modified Holloman parame- 
ter is quite useful for describing not only tensile properties but 
also impact properties, as long as the process associated with the 
change in the mechanical properties is a diffusion-controlled one. 
For example, the capability of this parameter was demonstrated in 
describing the embrittlement due to coherent carbide formation as 
well as due to carbide coarsening, both"' of which are purely diffu- 
sion controlled processes.  But, whenever the parametric approach 
is used, careful consideration would be recommended; for instance, 
in case of the classical temper embrittlement, this approach is 
allowed at the temperature below the nose of C curve (diffusion- 
controlled region) but not allowed over the nose of C curve (solu- 
bility-controlled region). 
Practical Application of the Results of This Study 
A stress relief heat treatment applied to a particular vessel 
should aim to achieve a balance between the amount of stress relax- 
ation, improvement of heat affected zone toughness, and changes in 
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parent plate and weld metal properties.  This experiment made it 
clear that both tensile properties and impact properties deterio- 
rate progressively with increasing the Holloman parameter, with a 
gradual degradation occurring up to a P„ « 18000, and steep degrada- 
tion occurring over P„ « 18000. At this juncture, it is interesting 
to compare the aging behavior of A737 Gr.B steel with the require- 
ment for stress relief heat treatment in a typical fabrication code. 
Table 14 summarizes the ASME requirement for the post weld heat 
treatment for the 593 C (1100 F) group (ASME Sec. VIII Div. 1, 
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UCS56).   In this table, lower alternative temperatures are also 
shown for assumed 25.4 mm (1 inch) and 100 mm (4 inch) thick plate, 
together with the calculated Holloman parameters.  For .the maximum 
P„ (17671) in this table, the A FATT for A737 Gr. B steel is about 
n 
7 deg. C at most and the maximum A T.S. (low S, N type) is about 
20 MPa, neither of which is significant.  But, taking into account 
the contribution of the heating and cooling period to the P„ value 
and the possibility of several stress relief heat treatments, the 
effective holding time may become 10 times the specified minimum. 
Then, P„ is 18538 for 593 C (1100 F) treatment of 100 mm (4 inch) 
n 
plate.  In this case, the increase in transition temperature is 
15-20 deg. C and decrease in tensile strength reaches 40 MPa, a 
more significant change. As seen in this table, the alternative 
post weld heat treatments at lower temperatures and for longer 
times give a smaller Holloman parameter as far as the ASME code is 
concerned.  (This is not the case in British standard.) Therefore, 
an alternative lower temperature treatment may be recommended for 
39 
A737 Gr.B steel if all of the other conditions allow it. 
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CONCLUSIONS 
From the results of this investigation, the following conclu- 
sions appear to be justified: 
1. Stress relief embrittletnent was observed in A737 Gr. B 
steel for stress relief times greater than 30 hours. 
2. Hie toughness of the low S type steel was much better in 
as-received condition than that of the normal S type, 
but the low S type did not seem to have advantage over 
the normal S type for very large Holloman parameters. 
3. The quenched and tempered type had much better toughness 
than normalized type in case of normal S steel, but there 
was no significant difference between them in case of low 
S steel. 
4. It was found that the higher the stress relief heat 
treatment temperature or the longer the time, the greater 
the embrittlement.  The embrittlement increased pro- 
gressively with increasing the Holloman parameter, P . 
H 
5. It was concluded that the classical temper embrittle- 
ment was not responsible for the embrittlement observed 
in these steels.  The reasons are: 
a) no C curve behavior 
b) no effect of cooling rate on the toughness 
c) no intergranular cleavage fracture 
d) a negligible amount of trace elements and very 
small amounts of Ni and Cr. 
41 
6. No peak in toughness or secondary hardening was observed 
in these steels. This could be attributed to the low 
austenitizing temperature andslow cooling rate from the 
austenitizing. Therefore, an embrittlement mechanism 
due to the formation of coherent niobium carbide precipi- 
tates was ruled out. 
7. Gradual deterioration in mechanical prbperties was 
observed for smaller P„ values and a sharp decline was 
n 
observed for larger P    values. 
H 
8. A direct correlation between the  toughness degradation 
and the carbide thickness was  observed. 
9. From all of these results,   the embrittlement was con- 
cluded to be due to the carbide coarsening. 
10. The modified Holloman-Jaffe parameter was proven to be 
capable of describing not only tensile properties but 
also toughness behavior,  if the process in concern is a 
diffusion-controlled one. 
11. The parametric approach shows promise for use in the 
practical stress relief heat treatment problems. 
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TABI£ 2: Heating and Cooling Rates 
F.C. A.C. 
538 C 621 C 538 C 621 C 
cooling rate at 450 C 23 C/hr 17 C/hr 33 C/min 34 C/min 
average cooling rate from 
holding temp, to 300 C 
16 C/hr 16 C/hr 23 C/min 28 C/min 
cooling time from 525 C to 425 C 235 min 314 min 3.1 min 2.6 min 
heating rate at 450 C   130 C/hr 
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TABI£ 3:     List of Modified Holloman Parameters 
aiming 
temp. 
holding 
time (hrs.) 
Normal S Low S 
actual 
temp. 
PH actual 
temp. 
PH 
F.C A.C. F.C. A.C. 
538 C 
1000 F 
1 
30 
100 
300 
1000 
538 C 
538 
538 
538 
538 
16617 
17442 
17849 
18231 
18653 
16514 
17432 
17847 
18230 
18653 
538 C 
514 
538 
538 
538 
16617 
16925 
17849 
18231 
18653 
16514 
16917 
17847 
18230 
18653 
621 C 
1150 F 
1 
30 
100 
300 
1000 
621 
621 
582 
602 
621 
18196 
19217 
18815 
19669 
20562 
18087 
19210 
18813 
19668 
20562 
621 
621 
621 
621 
621 
18196 
19217 
19673 
20096 
20562 
18087 
19210 
19670 
20095 
20562 
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TAB IE 8: Tensile Test Results 
Normal S, N type 
Heat 
treat- 
ment 
Stress relief Tensile Properties 
Temp. Time 
hrs. 
Upper Y.P. U.T. S. Elongation 
% ksi MPa ksi MPa 
As received 50.1 345.4 73.9 509.5 34.0 
49.5 341.3 73.5 506.8 32.9 
1 48.5 334.4 73.7 508.2 34.5 
49.5 341.3 72.3 498.5 31.8 
30 47.4 326.8 73.7 508.2 32.7 
538 
46.9 323.4 73.3 505.4 32.3 
100 47.6 328.2 71,4 492.3 37.0 
46.9 323.4 71.3 491.6 36.6 
300 45.7 315.1 71.8 495.1 32.6 
45.6 314.4 71.6 493.7 37.3 
1000 45.2 311.6 71.2 490.9 33.4 
N 
45.3 312.3 71.4 492.3 31.2 
1 44.2 304.8 70.8 488.2 34.6 
45.8 315.8 70.5 486.1 34.4 
30 44.2 304.8 68.7 473.7 31.8 
45.5 313.7 69.0 475.8 35.9 
621 
100 47.1 324.8 69.1 476.4 31.8 
46.2 318.5 68.4 471.6 39.5 
300 44.5 306.8 66.9 461.3 36.7 
44.7 308.2 66.8 460.6 37.5 
1000 43.9 302.4 67.3 464.0 40.0 
43.1 297.2 66.4 457.6 35.9 
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TABLE 9: Tensile Test Results 
Normal S, Q & T type 
Heat 
treat- 
ment 
Stress relief Tensile Properties 
Temp. Time 
hrs. 
Upper Y.P. U.T.S. Elongation 
X ksi MPa ksi MPa 
As received 49.5 341.3 71.7 494.4 36.5 
50.8 350.3 71.3 491.6 33.0 
1 50.9 351.0 70.7 487.5 36.8 
51.1 352.3 70.7 487.5 35.1 
30 53.4 368.2 70.9 488.9 36.8 
538 
54.9 378.5 73.7 508.2 33.7 
100 51.1 
50.7 
352.3 
349.6 
70.8 
71.3 
488.2 
491.6 
36.2 
37.3 
300 48.5 334.4 68.9 475.1 38.4 
'■" ' 
48.5 334.4 68.8 474.4 37.0 
1000 50.8 350.4 71.0 489.8 32.0 
Q & T 
51.2 353.2 70.5 485.9 32.7 
1 54.4 375.1 71.8 495.1 35.0 
52.2 359.9 70.6 486.8 35.2 
30 50.3 346.8 69.1 476.4 37.2 
- - - - - 
100 47.8 329.6 66.4 457.8 38.7 
621 
46.7 322.0 67.5 465.4 32.4 
300 47.5 327.5 66.2 456.4 38.2 
47.7 328.9 66.1 455.8 40.1 
1000 49.5 341.4 67.1 462.6 37.4 
48.5 334.4 65.8 453.6 39.4 
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TABLE 10: Tensile Test Results 
Low S, N type 
Stress relief Tensile Properties 
Temp. 
°C 
Time 
hrs. 
Upper Y.P. U.T. s. Elongation 
ksi MPa ksi MPa X 
As received 58.5 
58.4 
403.5 
402.5 
81.9 
81.8 
564.9 
563.8 
29.5 
34.4 
538 
1 59.7 
58.2 
411.6 
401.3 
81.2 
81.0 
559.9 
558.5 
31.4 
30.2 
30 55.6 
55.7 
383.4 
384.0 
78.4 
78.6 
540.6 
541.9 
35.5 
34.8 
100 56.8 
55.8 
391.6 
384.7 
78.7 
78.8 
542.6 
543.3 
32.1 
33.4 
300 55.5 
55.3 
382.7 
381.3 
78.0 
78.2 
537.8 
539.2 
31.5 
34.0 
1000 54.7 
54.5 
377.2 
376.0 
76.6 
76.6 
528.0 
528.1 
31.3 
32.4 
621 
1 57.1 
56.3 
393.7 
388.2 
79.2 
78.2 
546.1 
539.2 
32.6 
30.7 
30 51.5 
51.9 
355.1 
357.9 
73.1 
73.2 
504.0 
504.7 
38.6 
37.0 
100 50.7 
51.7 
349.6 
356.5 
70.7 
72.4 
487.5 
499.2 
39.9 
36.6 
300 51.7 
51.1 
356.5 
352.3 
70.8 
70.6 
488.2 
486.8 
37.5 
37.3 
1000 49.1 
48.6 
338.7 
335.2 
68.7 
68.5 
473.5 
472.1 
38.3 
37.3 
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TABI£ 11: Tensile Test Results 
Low S, Q & T type 
Stress relief                        Tensile Properties 
Tgrnp. Time 
hrs. 
Upper Y.P. U.T.S. Elongation 
ksi MPa ksi MPa X 
As received 62.1 
60.5 
428.2 
417.2 
83.0 
81.7 
572.4 
563.2 
30.1 
31.2 
538 
1 61.1 
60.4 
421.3 
416.4 
81.9 
80.6 
564.7 
555.7 
32.8 
29.7 
30 59.8 
60.7 
412.3 
418.5 
80.6 
80.8 
555.7 
557.1 
32.1 
29.7 
100 58.7 
60.6 
404.7 
417.8 
79.6 
81.6 
548.8 
562.6 
29.5 
31.9 
300 60.5 
61.0 
417.1 
420.6 
81.2 
82.3 
559.9 
567.4 
29.6 
29.1 
1000 60.0 
58.5 
413.8 
403.7 
81.1 
80.1 
559.5 
553.0 
29.9 
28.5 
621 
1 60.3 
61.2 
415.8 
422.0 
80.7 
81.4 
556.4 
561.2 
32.5 
33.4 
30 57.3 
56.5 
395.1 
389.6 
78.1 
77.1 
538.5 
531.6 
32.3 
35.7 
100 56.0 
55.5 
386.1 
382.7 
76.0 
74.8 
524.0 
515.7 
31.5 
31.5 
300 54.1 
53.7 
373.0 
370.3 
73.6 
73.6 
507.5 
507.5 
34.3 
33.6 
1000 53.4 
52.4 
368.4 
361.8 
73.6 
72.4 
507.3 
499.5 
32.6 
30.6 
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TABIZ 12: Hardness Test Result 
S.R. Heat Treatment Normal S 
/ 
Low S 
Temp. Time 
(hrs.) 
N Q & T N Q &T 
h !' h !< h §< h I' 
As Received 154 155 157 152 166 169 179 183 
1 153 155 152 150 165 168 179 183 
30 149 149 152 147 159 162 176 180 
538 C 100 150 147 153 149 159 162 179 178 
1000 F 300 149 151 150 143 158 161 182 179 
1000 149 148 152 148 154 153 176 179 
1 142 144 151 149 160 164 178 180 
30 143 144 150 147 152 155 169 170 
621 C 100 142 143 149 144 150 151 165 166 
1150 F 300 138 140 144 139 147 148 162 163 
1000 139 137 140 137 139 144 156 154 
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TABIZ 13:    Result of Carbide Thickness Measurement 
Normal S  type 
S.R. Condition PH FATT 
( c) 
TAE40 
( C) 
Carbide 
Thickness 
(microns) Temp. Hrs. 
538 C 1 16617 -22 -32 0.42 
538 30 17442 -15 -19 0.50 
538 1000 18653 -4 -14 0.63 
N 621 30 19217 +2 -5 0.72 
602 300 19669 +17 +3 0.93 
621 1000 20562 +16 +6 1.09 
As received - -44 -57 0.31 
538 30 17442 -42 -54 0.34 
538 1000 18653 -35 -46 0.43 
Q & T 621 30 19217 -30 -39 0.53 
602 300 19669 -26 -34 0.59 
621 1000 20562 -21 -31 0.78 
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TABLE 14: ASME Requirements for Post-WeId-Heat Treatment 
UCS 56, 1100 F group 
Temp. 
1" plate 4" plate " 
Hrs. HP Hrs. HP 
* 
HP 
1100 F (593 C) 
1050 F (566 C) 
1000 F (538 C) 
950 F (510 C) 
900 F (482 C) 
1 
2 
3 
5 
17326 
17024 
16602 
16207 
15860 
2.5 
8 
12 
20 
40 
.17671 
17528 
16602 
16679 
16314 
18538 
18367 
17901 
17461 
17070 
H  : Hp for the assumed equivalent time 10 times 
larger than specified minimum 
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Figure 1.   Effect of the Holloman parameter on 
the Charpy Transition Temperature 
of Nl-Mo-V Weld Metal 
C Rearrangement of the Data of  Puzak 
et al.   ) 
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Figure 2. Effect of the Holloman Parameter on 
the Charpy Transition Temperature 
of  2 •> Cr- 1 Mo Weld Metal 4. 
( Rearrangement of the data of Swift   et  al.5 ) 
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Figure 5      Charpy Test   Results—Normal S. N type 
a.    F A T T 
9» 
O 
O 538 
20h A 538 
O 62 
"A  621 
»"       0 
< 
-20 
-40 -i_tf_i 1. j i a. 
As R   16 17 18 19 20 
PH=  TC20 + log  t) 
As R ;   as received 
21 
xlO3 
b.   T, AE40 
o        o- 
►.* 
-20 
-40 - 
As R    16 17 18 19 
PH = TC20+ log t> 
21 
.10s 
65 
O 
o 
C
-   
TIE40 
0 
-20 
• 
^ 
-40 
 1-45-1- , i       i, i i i i i i_ —i—— 
As R     16 17 18 19 
PH= TC20 4 log t) 
20 21 
xlO3 
d.    E. 50 F 
As R    16 
PH = 
18 19 20 
TC 20 + log t "> 
21 
X10J 
66 
Figure 6   Charpy Test Results 
--Normal  S.   Q & T type — 
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Figure 7    Charpy Test Results -- Low s. N type 
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Figure 8   Charpy test   Results— Low s. Q * T type 
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Figures   Effect of  Cooling Rate on Charpy 
Transition Temperatures 
— Normal S,    N type  
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Figure 10  E-ffect of Cooling   Rate on Charpy 
Transition  Temperatures 
 Normal S , Q & T  type—— 
I- 
< 
n 
to 
2 
u 
c 
0      10     20    30   40 
Increase In FATT(F.C) 
deg C 
-10     0     10    20    30   40 
Increase  In TAE40<F.C> 
degC 
73 
Figure 11   Effect of Cooling  Rate  on  Charpy 
Transition   Temperatures 
—— Low  S .   N type — 
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Figure 12   Effect of Cooling Rate on Charpy 
Transition Temperatures 
— Low S. Q « T type « 
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Figure 13   Effect of Sulfur Content on Charpy 
Transition Temperature —N type — 
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Figure 15    Tensile  Test   Results 
— Normal S, N type — 
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Figure 16   Tensile Test  Results 
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Figure 17  Tensile  Test  Results 
— Low  S.     N type 
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Tensile Test   Results 
— Low S. Q * T  type 
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Figure 19   Hardness Test Results 
— Normal S.    N   type— 
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Figure 20    Hardness   Test   Results 
— Normal   S,   Q * T   type — 
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Figure 21    Hardness Test  Results 
— Low s,   N type — 
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Figure 23: Effect of Stress Relief Treatment on Fracture Modes 
Normal S, N type 
As Normalized 
X 960 
^ 
N + S.R. 
(621 C x 1000 hrs.) 
X 960 
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Figure 24: Effect of Stress Relief Treatment on Fracture Modes 
Normal S, Q & T type 
As Q & T 
X 960 
Q & T + S.R. 
(621 x 1000 hrs.) 
X 960 
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Figure 25: Effect of Stress Relief Heat Treatment on fracture Mode 
Low S, N type 
As Normalized 
X 960 
N + S.R. 
(621 C x 1000 hra.) 
X 960 
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Figure 26: Effect of Stress Relief Heat Treatment on Fracture Mode 
Low S, Q & T type 
As Q & T 
X 960 
Q & T + S.R. 
(621 C x 1000 hrs.) 
X 960 
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Figure 27: Photomicrographs of Steel Structure 
Normal S, N type 
As Normalized X400 
N + S.R. (621 C x 1000 hra.) 
X400 
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Figure 28: Photomicrographs of Steel Structures 
Normal S, Q & T type 
As Q & T X400 
Q & T + S.R. (621 C x 1000 hrs.) 
X400 
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Figure 29: Photomicrographs of Steel Structures 
Low S, M type 
As Normalized X400 
N + S.R. (621 C x 1000 hrs.) 
X400 
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Figure 30: Photomicrographs of Steel Structures 
Low S, Q & T type 
As Q & T X400 
Q & T + S.R. (610 C x 1000 hrs.) 
X400 
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Figure 31: Microstructure Observed by SEM 
Normal S 
As Normalized 
X 4000 
91 
Figure 32: Microstrueture Observed by SEM 
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92 
Figure 33:    Microstructure Observed by SEM 
Normal S 
As Q & T 
X 8000 
Normal S 
Q & T + S.R. 
(621 C x 1000 hrs.) 
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Figure 34     Definition of   Carbide Thickness 
Grain Boundary 
Triple Point 
Intragranular 
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Figure 35  Dependence of Carbide   Thickness on 
PH    Value     — Normal  S.    N   type — 
Figure 36    Dependence of Carbide Thickness  on 
Figure  37    Dependence of Carbide Thickness 
on  PH  Value 
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Figure 38: Microstrueture Observed by TEM 
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Figure 40   Relationship  between Charpy 
Transition Temperatures   and 
Carbide  Thickness 
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Figure 41    Relationship between  Carbide 
Thickness  and    A FATT 
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Figure 42     Comparison   between the   Present 
Study and   Cochrane's    Study 
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